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Toll-like receptor (TLR) ligands are critical activators of innate immunity and are being developed as
vaccine adjuvants. However, their utility in conjunction with viral vector-based vaccines remains unclear. In
this study, we evaluated the impact of a variety of TLR ligands on antigen-specific CD8� T lymphocyte
responses elicited by a recombinant adenovirus serotype 26 (rAd26) vector expressing simian immunodefi-
ciency virus Gag in mice. The TLR3 ligand poly(I:C) suppressed Gag-specific cellular immune responses,
whereas the TLR4 ligands lipopolysaccharide and monophosphoryl lipid A substantially augmented the
magnitude and functionality of these responses by a MyD88- and TRIF-dependent mechanism. These data
demonstrate that TLR ligands can modulate the immunogenicity of viral vaccine vectors both positively and
negatively. Moreover, these findings suggest the potential utility of TLR4 ligands as adjuvants for rAd
vector-based vaccines.

Toll-like receptors (TLRs) are critical sensors of infection
with a fundamental role in the activation of innate immune
responses and the subsequent modulation of pathogen-specific
adaptive immunity (2). TLR ligands have therefore emerged as
potential vaccine adjuvants, particularly in the context of pep-
tide, protein, and DNA vaccines (17). In particular, TLR ago-
nists are widely reported to modulate antibody and T helper
lymphocyte responses, and in some cases CD8� T lymphocyte
responses, elicited by protein-based vaccines (5, 19, 33, 41).
However, far less is known about the impact of TLR ligands on
the immunogenicity of viral vector-based vaccines.

Compared with DNA vaccines, viral vectors are typically
more immunogenic, presumably as a result of the activation of
innate immunity via multiple TLRs or other pattern recogni-
tion receptors (29). Viral vectors elicit robust T lymphocyte
responses and thus are attractive vaccine candidates for patho-
gens such as human immunodeficiency virus type 1 (HIV-1)
and malaria (10). Whether the addition of exogenous TLR
agonists might further enhance the immunogenicity of viral
vectors, however, remains unclear. The few studies that have
explored the utility of TLR adjuvants with viral vectors have
typically shown no or mild enhancement of antibody and T
lymphocyte responses (7, 26). We therefore sought to deter-
mine systematically whether TLR ligands can modulate cellu-
lar immune responses elicited by a recombinant adenovirus
serotype 26 (rAd26) vector in mice.

C57BL/6 mice (n � 7 to 8/group) were immunized with a
single injection of 3 � 108 viral particles (vp) rAd26-Gag alone

or combined with various TLR ligands (1). Vectors were mixed
with soluble TLR agonists 1 h prior to intramuscular (i.m.)
injection into both quadriceps muscles. Cellular immune re-
sponses were assessed by Db/AL11 tetramer binding assays (3,
6), gamma interferon (IFN-�) enzyme-linked immunospot
(ELISPOT) assays (6), and multiparameter intracellular cyto-
kine staining (ICS) assays (14). As shown in Fig. 1A, immuni-
zation with rAd26-Gag plus either 20 �g Pam3CSK (TLR1/2
ligand) (25), 20 �g Pam2CSK (TLR2/6 ligand) (9, 20), 10 �g
flagellin (TLR5 ligand) (5, 8), 100 �g CLO97 (TLR7 ligand)
(41), or 40 �g CpG (TLR9 ligand) (40) (all obtained from
InvivoGen, San Diego, CA) elicited AL11-specific tetramer-
positive responses (3, 6) that were similar to those detected in
the unadjuvanted groups.

The TLR3 ligand poly(I:C) (InvivoGen, San Diego, CA),
however, markedly suppressed responses to the rAd26-Gag
vaccine (Fig. 1A). This finding contrasts with prior reports
demonstrating its adjuvanticity for protein antigen vaccines
(22, 34, 37). By day 28, mice that received the vaccine plus 100
�g poly(I:C) developed Gag-specific CD8� T lymphocyte re-
sponses that were significantly lower (1.7%) than those of mice
that received the vaccine alone (5.4%; P � 0.001; two-tailed t
test). Similarly, IFN-� ELISPOT responses in mice that re-
ceived poly(I:C) were lower than those observed in the unad-
juvanted group (Fig. 1B) (6). In a dose response study (Fig.
1C), 100-�g, 20-�g, and 4-�g doses of poly(I:C) all resulted in
diminished tetramer-positive responses.

In contrast, the TLR4 ligand lipopolysaccharide (LPS) (Ul-
trapure LPS from Escherichia coli 0111:B4; InvivoGen, San
Diego, CA) substantially enhanced Gag-specific CD8� T lym-
phocyte responses elicited by the rAd26-Gag vaccine (Fig. 1A).
At day 28, tetramer-positive responses in mice that received
the vaccine plus 10 �g LPS (9.6%) were significantly higher
than those in the unadjuvanted group (5.4%; P � 0.04). More-
over, IFN-� ELISPOT responses (6, 21) to pooled Gag pep-
tides, the CD8� T lymphocyte epitopes AL11 and KV9, and
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FIG. 1. Antigen-specific CD8� T cell responses elicited by rAd26-Gag are modulated by soluble TLR ligands. (A) C57BL/6 mice (n � 7 to 8
mice/group) were immunized once with 3 � 108 vp rAd26-Gag alone or 3 � 108 vp rAd26-Gag combined with the following TLR ligands: 20 �g
synthetic triacylated lipoprotein (Pam3CSK; TLR1/2 ligand), 20 �g synthetic diacylated lipoprotein (Pam2CSK; TLR 2/6 ligand), 100 �g poly(I:C)
(TLR3 ligand), 10 �g LPS (TLR4 ligand), 10 �g flagellin (TLR5 ligand), 100 �g CLO97 (TLR7 ligand), or 40 �g unmethylated CpG-
oligodeoxynucleotides (CpG; TLR9 ligand). Gag-specific cellular immune responses were assayed by Db/AL11 tetramer binding assays at multiple
time points following injection. (B) At week 4 following immunization, functional immune responses from mice immunized with rAd26 vaccine
alone or with 10 �g LPS or 100 �g poly(I:C) were assessed by IFN-� ELISPOT assays in response to pooled Gag peptides, the CD8� T lymphocyte
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the CD4� T lymphocyte epitope DD13 were greater in mice
that received the vaccine with LPS than in mice that received
the vaccine alone at week 4 after immunization (P � 0.02) (Fig.
1B). To further quantify this effect, mice were immunized once
i.m. (n � 4 mice/group) with rAd26-Gag with various doses of
LPS (10 �g, 2 �g, 0.4 �g). Tetramer-positive responses were
enhanced by 10 �g and 2 �g LPS but not by 0.4 �g LPS (Fig.
1C), indicating that this LPS effect was dose dependent. No
overt clinical toxicities were observed by using these doses of
LPS in mice.

We next evaluated the functionality of CD8� T lymphocyte
responses by multiparameter ICS assays that assessed IFN-�,
tumor necrosis factor alpha (TNF-�), interleukin-2 (IL-2), and
the cytotoxic degranulation marker CD107 expression at week
4 following immunization with rAd26-Gag alone, rAd26-Gag
with 2 �g LPS, or rAd26-Gag with 20 �g poly(I:C) (n � 4 to 8
mice/group) (15). As shown in Fig. 1D, the addition of LPS
significantly enhanced not only the overall magnitude of Gag-
specific CD8� T lymphocyte responses (P � 0.04) but also the
fraction of Gag-specific CD8� T lymphocytes that expressed
two or more effector functions (P � 0.04). In particular, the
LPS-adjuvanted group induced higher levels of single-function
CD107�, 2-function TNF-�� CD107�, as well as 3-function

IFN-�� TNF-�� CD107� CD8� T lymphocytes than mice that
received rAd26-Gag alone. These data show that LPS en-
hanced both the magnitude and functionality of antigen-spe-
cific cellular responses elicited by rAd26-Gag. In contrast, the
addition of poly(I:C) diminished both the overall magnitude of
Gag-specific responses and the fraction of these responses that
were multifunctional.

We further characterized the opposing effects of poly(I:C)
and LPS by administering the rAd26-Gag vaccine with both
poly(I:C) and LPS. C57BL/6 mice (n � 4 mice/group) were
immunized with a single injection of rAd26-Gag alone or with
10 �g LPS, 60 �g poly(I:C), or both TLR ligands. As shown in
Fig. 2A, administration of both TLR ligands resulted in re-
duced Gag-specific responses, suggesting that the suppressive
effect of poly(I:C) was dominant over the enhancing effect of
LPS. To determine the durability of the effects of poly(I:C) and
LPS, C57BL/6 mice were primed with rAd26-Gag alone or
with 2 �g LPS or 20 �g poly(I:C) (n � 4 mice/group) and were
boosted on day 35 with a single i.m. injection of the heterolo-
gous vector rAd5HVR48(1-7) also expressing simian immuno-
deficiency virus (SIV) Gag (32). As shown in Fig. 2B, the mice
that received poly(I:C) with the priming immunization re-
sponded to the boosting immunization with Gag-specific re-

epitopes AL11 and KV9, and the CD4� T lymphocyte epitope DD13. (C) Assessment of the dose response of LPS (10 �g, 2 �g, 0.4 �g) and
poly(I:C) (100 �g, 20 �g, 4 �g) with rAd26-Gag (n � 4 mice/group) by Db/AL11 tetramer binding assays. (D) Mice were immunized once i.m. with
3 � 108 vp rAd26-Gag alone, rAd26-Gag with 2 �g LPS, or rAd26-Gag with 20 �g poly(I:C) (n � 4 to 8 mice/group), and Gag-specific CD8� T
cell responses in splenocytes were assessed 4 weeks after vaccination by intracellular cytokine assays for IFN-�, TNF-�, IL-2, and CD107.
Responses to pooled Gag peptides are presented for each individual combination of functions and collated as the number of functions elaborated
as a percent of total CD8� T lymphocytes (insert; bar graph) and as the fraction of Gag-specific CD8� T lymphocytes (insert; pie charts). Mean
responses with standard errors are shown (�, P � 0.001; ��, P � 0.05; two-tailed t test).

FIG. 2. Dominant suppressive effect of poly(I:C) over LPS with the rAd26-Gag vaccine. (A) Mice were immunized once i.m. with 3 � 108 vp
rAd26-Gag alone or with 20 �g poly(I:C), 2 �g LPS, or both poly(I:C) and LPS (n � 4 mice/group). Gag-specific CD8� T lymphocyte responses
were assessed by Db/AL11 tetramer binding assays and IFN-� ELISPOT assays 4 weeks after immunization. (B) Mice were primed once with 3 �
108 vp rAd26-Gag alone or with 2 �g LPS or 20 �g poly(I:C) and then boosted (2) with 3 � 108 vp rAd5HVR48(1-7) at week 5. Gag-specific
cellular immune responses were assessed by Db/AL11 tetramer binding assays and by IFN-� ELISPOT responses at week 4 postboost. Mean
responses with standard errors are shown.
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sponses that were comparable to those observed in the mice
that received rAd26-Gag alone. In contrast, mice that received
LPS with the priming immunization exhibited sustained en-
hanced Gag-specific tetramer and ELISPOT responses, dem-
onstrating the proliferative potential of antigen-specific CD8�

T lymphocytes elicited by the LPS-adjuvanted rAd26-Gag vac-
cine.

We next investigated whether the mechanism underlying the
immunomodulatory effects of LPS and poly(I:C) involved the
expected TLR signaling pathways. Although LPS and
poly(I:C) are chiefly considered TLR ligands, poly(I:C) can
also signal through the intracellular sensor MDA-5 (14), and
both LPS and poly(I:C) may activate inflammasomes through
Nalp3 (12, 28). To explore whether the effects of LPS and
poly(I:C) involved TLR signaling, we utilized C57BL/6 mice
lacking TRIF (Jackson Laboratory, Bar Harbor, ME), which is
utilized by TLR3, or C57BL/6 mice lacking MyD88 (provided
by S. Akira and B. Pulendran), which is utilized by the majority
of TLRs. In particular, TLR4 signals through both TRIF and
MyD88. Wild-type, MyD88�/�, and TRIF�/� mice (n � 4
mice/group) were immunized with rAd26-Gag vaccine alone or
with 2 �g LPS or 20 �g poly(I:C). As shown in Fig. 3, the
adjuvant activity of LPS was abrogated in both MyD88�/� and
TRIF�/� mice (Fig. 3A and B), suggesting that the adjuvan-
ticity of the TLR4 ligand LPS was dependent on both MyD88
and TRIF, as expected. In contrast, the suppressive effect of
poly(I:C) was observed in MyD88�/� mice but not in TRIF�/�

mice (Fig. 3A and B), indicating that the suppressive effect of
the TLR3 ligand poly(I:C) was dependent on TRIF, rather
than MDA-5 or nonspecific effects (14, 39). These data confirm
that the immunomodulatory effects of LPS and poly(I:C) were
dependent on the expected TLR signaling pathways.

LPS is not a likely adjuvant for clinical development as a
result of its toxicities, and alternative TLR4 ligands have been
developed for potential clinical use. In particular, monophos-

phoryl lipid A (MPLA) is an LPS derivative that retains the
immunologically active lipid A portion of the parent molecule
(23, 27). The reduced toxicity of MPLA is attributed to the
preferential recruitment of TRIF upon TLR4 activation, re-
sulting in decreased induction of inflammatory cytokines (18).
To determine if MPLA can similarly adjuvant cellular immune
responses elicited by rAd26-Gag, C57BL/6 mice were immu-
nized with 3 � 107, 3 � 108, or 3 � 109 vp rAd26-Gag alone or
with 5 �g MPLA (derived from Salmonella enterica serovar
Minnesota R595 LPS; InvivoGen, San Diego, CA) (n � 4
mice/group). This optimal dose of MPLA was selected by dose
response studies (data not shown). As shown in Fig. 4A, Gag-
specific IFN-� ELISPOT responses to the lowest dose of vec-
tor were essentially undetectable in the unadjuvanted group,
consistent with prior observations (1). In contrast, clear re-
sponses were observed in the mice that received 3 � 107 vp
rAd26-Gag with MPLA (P � 0.01; two-tailed t test). Mice that
received the 3 � 108 vp and 3 � 109 vp doses of rAd26-Gag
with MPLA also exhibited higher Gag-specific cellular immune
responses than the unadjuvanted groups (P � 0.01). Function-
ality of these Gag-specific CD8� T lymphocyte responses, as
measured by multiparameter ICS assays assessing IFN-�,
TNF-�, IL-2, and CD107 expression, was also greater in mice
that received rAd26-Gag with MPLA compared with rAd26-
Gag (P � 0.05 for the lowest dose group) (Fig. 4B). Thus, the
TLR4 ligand MPLA also augmented antigen-specific CD8� T
lymphocyte responses elicited by rAd26-Gag.

To explore differences in acute inflammatory responses fol-
lowing MPLA and LPS administration, serum levels of IL-1�,
IL-6, granulocyte colony-stimulating factor (G-CSF), and
IP-10 were assessed 8 h after vaccination in duplicate using
multiplexed fluorescent bead-based immunoassays (Millipore,
Billerica, MA) and analyzed on the Luminex 100 IS (Luminex,
Austin, TX). As shown in Fig. 4C, mice that received MPLA
had lower levels of the MyD88-associated acute proinflamma-

FIG. 3. The immunomodulatory effects of poly(I:C) and LPS are TLR dependent. MyD88�/� and TRIF�/� mice (n � 4 mice/group) were
immunized once i.m. with 3 � 108 vp rAd26-Gag alone or with 2 �g LPS or 20 �g poly(I:C). (A) Db/AL11 tetramer binding assays were performed
at multiple time points following injection, and (B) IFN-� ELISPOT responses were assessed 4 weeks after immunization. Mean responses with
standard errors are shown.
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tory cytokines IL-1� and IL-6 than mice that received LPS, as
expected. Levels of IP-10 and G-CSF, which are associated
with TRIF activation (18), were comparable (Fig. 4B). These
data confirm that MPLA resulted in lower levels of systemic
inflammatory cytokine secretion than LPS.

Optimization of the immunogenicity of viral vectors is an
important research priority. However, there have been few

reports addressing the potential use of adjuvants together with
viral vectors. Combining alum with rAd35 elicited improved
antibody responses to a malaria antigen (24), and the addition
of TLR9 agonists (CpGs) resulted in paradoxically diminished
immune responses elicited by a rAd5 vector but improved
protection against a cancer antigen (13). Most recently, Apple-
dorn et al. reported enhanced antigen-specific T lymphocyte

FIG. 4. The TLR4 ligand MPLA augments the immunogenicity of rAd26-Gag. C57BL/6 mice (n � 4 mice/group) were immunized once i.m.
with 3 � 107, 3 � 108, or 3 � 109 vp rAd26-Gag with or without 5 �g MPLA. Gag-specific cellular immune responses were assessed 4 weeks after
immunization by IFN-� ELISPOT responses (�, P � 0.01 for responses to pooled Gag peptides; two-tailed t test) (A) and by ICS for IFN-�, TNF-�,
IL-2, and CD107 (B). Responses to pooled Gag peptides in mice immunized with 3 � 107 vp rAd26-Gag with or without 5 �g MPLA are presented
for each individual combination of functions and collated as the number of functions as a fraction of the total Gag-specific CD8� T lymphocyte
response (insert; pie charts) (��, P � 0.05). (C) Cytokine levels were measured in sera of mice 8 h after immunization with 3 � 108 vp rAd26-Gag
alone or 3 � 108 vp rAd26-Gag with 5 �g MPLA or 2 �g LPS (n � 4 mice/group). Mean responses with standard errors are shown.
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responses with the coadministration of a rAd vector engi-
neered to express a novel TLR5 agonist (4). Our study extends
these findings and represents the first systematic investigation
of the capacity of a panel of soluble TLR ligands to modulate
rAd-elicited CD8� T lymphocyte responses.

The TLR agonists that modulated vaccine-elicited immune
responses in this study included poly(I:C), LPS, and MPLA.
These ligands have all been reported to augment CD8� T
lymphocyte responses elicited by peptide or protein vaccines
(11, 22, 31, 33, 42), presumably through enhanced cross-pre-
sentation (34, 35). TLR signaling has been shown to be impor-
tant for virus-elicited CD8� T lymphocyte responses (38), of-
ten through activation of multiple TLRs or other pattern
recognition receptors (30). The activation of TLR4 by LPS or
MPLA with a viral vector most likely provides an additive or
synergistic signal, probably resulting in enhanced APC matu-
ration in the appropriate cytokine milieu. Moreover, immuni-
zation of the viral vector and LPS at different sites abrogated
the observed adjuvanticity (data not shown), indicating that
TLR4 adjuvanticity involves a local mechanism of action. How-
ever, the mechanism by which a TLR3 agonist suppresses im-
munogenicity of a viral vector remains unclear. It is possible
that the high levels of type I interferon elicited by poly(I:C)
(data not shown) may limit expression from the rAd26 vector.
Alternatively, poly(I:C) has been reported to elicit IL-10 se-
cretion, and this suppressive cytokine may limit CD8� T cell
proliferation (22, 36). The unexpected suppressive activity of
poly(I:C) illustrates the inherent complexity of viral vectors
compared to protein-based vaccines (16, 37).

Our data demonstrate that antigen-specific CD8� T lympho-
cyte responses elicited by a rAd26-Gag vaccine vector can be
both positively and negatively modulated by soluble TLR li-
gands, and the mechanism underlying these observations in-
volves the expected TRIF and MyD88 signaling pathways. In
particular, the TLR4 ligands LPS and MPLA substantially
augmented the magnitude and functionality of antigen-specific
cellular immune responses elicited by this vaccine vector.
These findings suggest that TLR ligands, particularly MPLA,
deserve further exploration as potential adjuvants to improve
the immunogenicity and protective efficacy of viral vaccine
vectors.
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